The generation mechanism of the 1741 Oshima-Oshima tsunami, which is considered to be the most destructive tsunami that has ever originated in the Japan Sea, has been the subject of much debate. The tsunami caused about 2,000 casualties along the Hokkaido and northern Honsu coasts and inflicted damage as far as the Korean Peninsula. The tsunami source is located between recent tsunamigenic earthquakes, but there is no historical record of an earthquake in 1741. In contrast, the records indicate volcanic activity of Oshima-Oshima, including a large-scale sector collapse, although the volume change associated with the subaerial landslide is too small to explain the observed tsunami heights. Recent marine surveys indicate that the landslide extended to the ocean bottom with a volume change of about 2.5 km 3 , nearly an order of magnitude larger than the subaerial slide. On the basis of mapped bathymetry, the generation of the tsunami is calculated using a simple kinematic landslide model. The tsunami propagation is computed in two different grids-a 6 grid around the source and a 1 grid for the entire Japan Sea. A parameter search of the model shows that the observed tsunami heights are best explained by a horizontal slide velocity of 40 m/s and a rise time of 2 min. The large vertical drop of the landslide and the coupling of the submarine landslide and tsunami are the main factors responsible for the large tsunami.
Introduction
In 1741, a very destructive tsunami originated somewhere in the area around Oshima-Oshima, a small volcanic island off Hokkaido that had become active that same year, causing significant damage on the coasts around the Japan Sea (Fig. 1) . On the Hokkaido coast, the estimated maximum tsunami height was 13 m or more, and total casualties amounted to about 2,000 (Hatori, 1984; Imamura and Matsumoto, 1998; Tsuji et al., 2002) . The tsunami inflicted material damage as far as western Japan and the east coast of the Korean Peninsula (Tsuji et al., 1985) . Based on the recorded heights of the tsunami, if it were to have been generated by an earthquake, its size would be M=8.4 (Abe, 1999) . However, there is no historical record documenting the ground motion of an earthquake of this magnitude, even though the eruption sequences and the tsunami damage were documented in detail. The generation mechanism of the 1741 tsunami continues to be open to debate and has yet to be definitively determined despite its importance for assessing volcanic hazard and/or seismic potential along the eastern margin of the Japan Sea.
The eastern margin of the Japan Sea is considered to be a boundary between the Eurasian (or Amurean) and North American (or Okhotsk) plates (e.g., Nakamura, 1983; Seno et al., 1996; Wei and Seno, 1998) , where large (M>7.5) tsunamigenic earthquakes have occurred semi-periodically (Fig. 1 ). In the last two centuries, the 1833 Shonaioki (M=7 (M=7.5), 1983 Japan Sea (M=7.7), and 1993 Southwest Hokkaido (M=7.8) earthquakes have occurred on this tectonic boundary (Fukao and Furumoto, 1975; Satake, 1986; Tanioka et al., 1995) . The sections of the boundary between these earthquake sources may form seismic gaps. One of these lies around Oshima-Oshima between the 1983 Japan Sea and 1993 Southwest Hokkaido earthquakes. Ohtake (1995) assumed that the 1741 tsunami was produced by an earthquake that was the first in the current earthquake cycle and forecasted that the next earthquake would occur between the source regions of the 1833 Shonai-oki and 1983 Japan Sea events. His assumption and subsequent forecast may become invalid if the 1741 tsunami was not generated by an earthquake.
The Oshima-Oshima volcano has a history of violent eruptions. It was last recorded to be active in 1741-1790, after 1500 years of dormancy (Katsui et al., 1977; Katsui and Yamamoto, 1981) . According to historical documents, the first eruption started around August 18, 1741. On August 23, the volcanic eruption was visible all along the Hokkaido coast and by around noon of August 25, volcanic ashfall blocked the sunlight and the sky became dark during the day. The most violent eruption occurred around 5 AM hours on August 29 and triggered a sector collapse of the mountain edifice; at which time a loud explosive sound was heard on the Hokkaido coast. Strong eruptions were also recorded several times in the following year (1742), and smoke emission continued until 1790. Frequent magmatic eruptions in this activity period buried most of the amphitheater and produced a central cone.
Previous modeling of the 1741 tsunami based on a volcanic eruption was not successful. Aida (1984) Fukao and Furumoto (1975) , Satake (1986) , and Tanioka et al. (1995) .
tsunami numerical computations based on the subaerial collapse of the volcano. He assumed that the collapse was entirely subaerial and had a volume of 0.4 km 3 , of which 0.1 km 3 flowed into the sea to generate the tsunami. As the calculated tsunami heights from this model were much smaller than the actually observed heights, it has been inferred that a large earthquake triggered the collapse and generated the tsunami (e.g., Katsui and Yamamoto, 1981; Hatori, 1994) .
Detailed swath bathymetry surveys have been recently conducted around Oshima-Oshima, and a high-resolution bathymetry map has been published by Hydrographic Department of the Japan Coast Guard. The map shows the two Fig. 2 (Kato, 1997) confirmed that the hummocky terrain consists of debris deposits from the OshimaOshima volcano. Based on the high-resolution bathymetry and topographic data, Satake and Kato (2001) reconstructed the subaerial and submarine sector collapse and debris avalanche of the 1741 eruption and estimated the total volume of the collapse to be 2.4 km 3 . Based on their calculations, the total volume of debris deposits, which extends as far as 16 km from the island, is 2.5 km 3 and roughly equals the missing slide volume. The slide volume is nearly an order of magnitude larger than the previous estimate of subaerial collapse (0.4 km 3 ). The 1741 Oshima-Oshima collapse is one of only two large (volume>1 km 3 ) sector collapses to have occurred at island volcanoes in the periods of historical and written records. The other example is Ritter Island in Papua New Guinea in 1888, where nearly 5 km 3 of volcano collapsed (Johnson, 1987; Ward and Day, 2003) . The volume change of Oshima-Oshima volcano is similar to that of the 1980 Mt. St. Helens eruption in the USA (2.3 km 3 ; Voight et al., 1981) . Both in Ritter Island and Mt. St. Helens, more of the summit of volcano was removed, leaving horseshoeshaped collapse scars. The size of island and bathymetric features around Oshima-Oshima is very similar to those of Stromboli volcano in Italy, where a submarine fan extends more than 10 km offshore from the subaerial collapse sector, Sciara del Fuoco (Kokelaar and Romagnoli, 1995) . The recent small-scale landslide (0.02-0.03 km 3 ) in 2002 caused tsunami damage on Stromboli Island (Tinti et al., 2005) .
In this paper, the generation and propagation of the 1741 tsunami are modeled using the volume change and initial 1 Estimated tsunami heights in meters: for Hokkaido, Imamura and Matsumoto (1998) ; for the Tsugaru coast, Imamura et al. (2002) . Numbers with * are considered less reliable. 2 Estimated tsunami heights in meters: for Hokkaido, Tsuji et al. (2002) ; for Korea, Tsuji et al. (1985) . Numbers with * are based on oral traditions and considered less reliable. 3 Estimated tsunami heights in meters based on Hatori (1984) . Numbers with * are considered less reliable. 4 "Observed" heights adopted in this study. The numbers in columns 1-3 are averaged and rounded to nearest meter. 5 Computed heights in meters from the kinematic slide model with U =40 m/s and T =2 min.
landslide thickness estimated by Satake and Kato (2001) . In Section 2, the observed tsunami heights in 1741 are compiled from historical documents and recent field survey reports. In Section 3, a simple kinematic landslide model is introduced to model the submarine landslide. Section 4 describes the numerical computation of tsunami propagation and the statistical parameters for comparing the observed and calculated tsunami heights. Section 5 shows the results that the observed tsunami heights, including those in the western Japan and the Korean coast, can be explained by the landslide source. Section 6 discusses why a submarine or ocean-entering landslide can cause larger tsunamis than earthquakes of comparable rupture areas. Section 7 concludes that the generation mechanism of the 1741 tsunami can be explained by the submarine landslide associated with the volcanic eruption. 
Observed Tsunami Wave Heights
The 1741 tsunami caused devastating damage along the Hokkaido coast and lesser damage on the Honshu and Korean coasts. More than 30 documents, both original and secondary sources, contain descriptions of the damage that resulted from this tsunami (Tsuji et al., 2002) . These documents also describe the eruption and tsunami sequences (Fig. 2) , but ground shaking due to an earthquake is not mentioned in any of the documents, although some records do describe a loud sound that accompanied the tsunami. Hatori (1984) , Imamura and Matsumoto (1998) , Tsuji et al. (2002) , and Imamura et al. (2002) estimated the tsunami heights by combining the damage described in the documents and/or oral histories passed down from generation to generation with land heights measured by recent field surveys. These estimates of tsunami heights have been compiled (Table 1, Figs. 3 and 4) and are used in this study. Multiple estimates at the same location by different investigators are averaged. Those heights based on oral histories rather than written documents tend to be consistently higher and are considered to be less reliable (Fig. 5) . The tidal range in the Japan Sea is small, up to 0.5 m, hence no correction for tide was made.
Along the Hokkaido coast, the 1741 tsunami caused the worst natural disaster in the Hokkaido's history, as described in many documents. One document, "Fukuyama Hifu", the official record of local government, reported that the tsunami arrived in the early morning of August 29 and inundated approximately a 120-km length of the coastal areas, causing 1,467 casualties and damaging 791 houses and 1,521 ships. These numbers do not include native residents (Ainu) who occupied the area north of Kumaishi but did not leave any written records (Fig. 4) . There is no written record of the tsunami damage on Okushiri Island. Hatori (1984) , and Tsuji et al. (2002) estimated that the total casualties including Ainu would be more than 2,000.
The maximum estimated height based on the oral histories is 34 m at Gankakezawa, while the maximum height based on written records is about 13 m at Era (Table 1, Fig. 5 ). Conservative estimates of the tsunami height range from 3 to 13 m on the Hokkaido coast. The height distribution appears to show two peaks: one in the north around Kumaishi and the other at the southwestern tip of the peninsula around Era. Between these peaks, the estimated heights around Esashi are smaller. Some documents report that the sea water first receded at Kumaishi and Esashi (Tsuji et al., 2002) , although the reliability is somewhat questionable.
The tsunami heights on the Honshu coasts were estimated by Hatori (1984) and Imamura et al. (2002) . On the Tsugaru coast, the northern tip of Honshu, more than ten casualties and damage to several tens of houses were recorded at Kodomari and Kanegasawa. The tsunami heights at these and other villages were estimated to be between 4 and 6 m ( Table 1, Fig. 5 ). On Sado Island, more than 350 km from Oshima-Oshima, the tsunami heights were estimated to be between 2 and 5 m based on descriptions of the damage, while the oral histories suggest a height of 8 m. Damage from the tsunami was also documented further west at Noto, Obama, and Gohtsu, where the heights were estimated to be 4, 1, and 2 m, respectively.
Damage from the tsunami was recorded as far as on the east coast of the Korean Peninsula. "Annals of Choson Dynasty" recorded tsunami damage along the east coast of Korean Peninsula on the same day (http://sillok.history.go.kr/ main/main.jsp). Tsuji et al. (1985) estimated that the tsunami heights were 3-4 m along the 320-km long coast. Although the exact locations of the tsunami damage are not clear, this piece of information would provide an important constraint. In accordance with Tsuji et al. (1985) , the Korean tsunami was assumed to be highest at Pyonhae, where it reached 4 m; elsewhere along the 320 km-long coast, it was assumed to reach a height of 3 m (Figs. 3 and 5 ).
Submarine Landslide Models
Tsunamigenic landslides can be classified as slumps and debris avalanches. Slumps are characterized by large blocks moving slowly and coherently, whereas debris avalanches are distinguished by many smaller masses of debris distributed over a larger area, suggesting fast-moving landslides. The slump source may be modeled by rigid body motion, particularly if the bathymetry change is known. The debris avalanches are more difficult to model; they can be modeled as slides of many rigid bodies or fluid flow. In any case, dynamic parameters, such as slide velocity, are needed.
The generation of a tsunami from landslides has been modeled in several ways, such as dynamic flow, kinematic rigid-body motion, and static initial profile. In the dynamic fluid flow approach, the landslide is treated as fluid, and its evolution is calculated simultaneously with the propagation of the tsunami (Jiang and LeBlond, 1994; Imamura and Imteaz, 1995; Heinrich et al., 1998) . Kawamata et al. (2005) recently modeled the 1741 Oshima-Oshima tsunami using a two-layer model and volume change estimated by Satake and Kato (2001) . In the rigid-body approach, temporal changes in the water height due to the progress of a submarine landslide are prescribed and used for the initial condition of tsunami propagation. Harbitz (1992) used a box-shaped slide, and Ward (2001) used a chain of rigid boxes. Tinti et al. (1997) introduced a block model of landslide to simulate the landslide motion, then used the results for tsunami computations. In the static approach, an initial water profile due to landslide is assumed. Watts et al. (2005) , based on the results of physical and numerical experiments, introduced a parametric initial water profile for a submarine landslide and applied such a method to several landslide-generated tsunamis.
In this paper, a simple kinematic landslide model is introduced (Fig. 7) . The volume change as shown in Fig. 6 is used as the initial water height distribution. The initial water height at each point, negative in the slide region and positive in the debris deposit region, is performed during rise time T . This assumption models a rotational slump rather than debris avalanches. To model the slide motion, we assume that the slide front propagates outward from the volcano peak with a horizontal velocity of U . Hence, the landslide motion is characterized by these two parameters, U and T (Fig. 7) . The kinematic slide model is similar to the kinematic source model of earthquakes known as the Haskell model (e.g., Aki and Richards, 1980) , in which rise time and rupture duration (fault length divided by rupture velocity) are prescribed to compute seismic waveforms. The only difference between these two models is that the slip on the fault is uniform in the Haskell model, whereas the displacement varies in the kinematic landslide model. In the kinematic slide model, the slide (missing volume) first appears, then the deposit (additional volume) results. During the slide motion, the mass is not conserved. The kinematic landslide model was applied to the Nuuanu and Wailau giant submarine landslides around Hawaii, based on recently mapped detailed bathymetric data (Satake et al., 2002) , but the landslide parameters were not calibrated with the observed tsunamis.
The area and volume of sector collapse associated with the 1741 Oshima-Oshima eruption is estimated to be 17±4 km 2 and 2.4±0.3 km 3 , respectively, by Satake and Kato (2001) . They also estimated that the debris deposits extended into an area of 69±4 km 2 , with a total volume of 2.5±0.3 km 3 (Fig. 6 ). The missing (slide) volume is located just north of the island, with a maximum thickness of 400±6 m, while the excess (deposit) volume extends as far as 16 km from the island, with an average thickness of 36±2 m. These values are used for the initial conditions of tsunami generation and propagation. They do not include thinner deposits of debris or debris avalanche extending over a wider area, as observed around Ritter Island (Silver et al., 2005) , but such thinner deposits may not have contributed to the tsunami generation.
The computed tsunami heights from various landslide parameters in the kinematic slide model are compared with the observed tsunami heights. The horizontal slide velocity is varied from U =10 m/s to 100 m/s. At the time of the 1980 Mt. St. Helens eruption, the velocity of the first subaerial slide is estimated to be 50-70 m/s from the analysis of a series of photographs (Voight, 1981) . For the 1888 Ritter Island tsunami, Ward and Day (2003) used an estimated landslide deposit distribution and showed that the broad features of the observed tsunami could be reproduced using the tsunami model of Ward (2001) Duration, or rise time, of bottom deformation at each point is more difficult to estimate. For earthquake tsunamis, Kajiura (1970) concluded that the deformation can be considered to be instantaneous if it is less than several minutes. While a landslide source may be smaller than an earthquake source, three different rise times, T =1, 2, and 5 min, are tested in this study. Because the displacement varies within the source area, the constant rise time implies that the local vertical velocity of bottom deformation also varies.
Tsunami Propagation Modeling
Tsunami propagation is calculated using nonlinear shallow-water equations. The equation of motion is
where V is the horizontal velocity vector, h is the water (tsunami) height, d is the water depth, and g is the gravitational acceleration. The second term on the right of the equation represents the bottom friction where C f is the non-dimensional friction coefficient. In this study, depthdependent friction is assumed so that the coefficient is given with the Manning's roughness coefficient n (assumed to be 0.03 m −1/3 s) as
The equation of continuity is written as
The finite-difference method on a staggered grid system is adopted to numerically solve the above equations. The computations are made on two different grids. One is around the source area (138.5-140.5
• E and 40.5-42.5
• N) with a grid spacing of 6 (arc second) or 185 m along the meridian (Fig. 4) . The bathymetry data are compiled from JODC (Japan Oceanographic Data Center) data and recent bathymetric surveys (see Satake and Kato, 2001 ). The number of grid cells is 1200×1200, and the computational time step is 0.5 s to satisfy the stability condition of the finitedifference method. The generation and propagation of the tsunami for 45 min in real time are computed so that the full waveforms at all of the coastal points are obtained. The second grid is for the entire Japan Sea (127-143
• E and 33-52
• N) with a grid spacing of 1 (arc minute) or 1,853 m along the meridian (Fig. 3) . The bathymetric data are from the JODC database. The number of cells is 960×1140, and the computational time step is 5 s to satisfy the stability condition. The generation and propagation of the tsunami for 4 h in real time are computed.
Tsunami heights are computed at coastal points where they can be compared with the observed heights. In general, computed tsunami heights are smaller on coarser grids because of two factors: the computed water height is an average value for each grid cell, and the water depth on the coastal cell is shallower (e.g., Satake and Tanioka, 1995) . The computed heights on different girds, the 6 and 1 grids, are first compared on 34 coastal points in Hokkaido and Tsugaru. The average amplitude ratio (for peak-to-trough amplitude) is 0.54, indicating that the computed tsunami heights on the 6 grid are about twofold larger than those on the 1 grid. Therefore, a half of a peak-to-trough amplitude on the 6 grid and the peak-totrough amplitude on the 1 grid are adopted as the computed tsunami heights. As shown in Fig. 5 , these agree very well. Fig. 8 . Comparison of the statistical parameters for different sets of horizontal slide velocity U and rise time T . The top row shows those for around the source on the 6 grid, while the bottom row is for the entire Japan Sea from both 6 and 1 grids. The left column is the geometric mean of observed and computed amplitudes K . The center column is for the error factor κ. The right column is for linear correlation factor r . The darker color indicates the better fit between the observed and computed heights.
In order to carry out a comparison between the observed run-up heights and computed heights on coastal cells, three statistical parameters are introduced. The first is the geometric mean K of the amplitude ratio O i /C i , where O i and C i are the observed and computed heights, respectively, at station i. The second is an index of scatter, defined by Aida (1978) as
If the logarithmic amplitude ratios obey the normal distribution N (log K , log κ), then parameter κ can be considered as an error factor because its logarithm shows the standard deviation. The third parameter is the linear correlation coefficient
whereŌ andC are the means of O i 's and C i 's, respectively. The first parameter, K , indicates the relative size of the observed and computed tsunami models, whereas the latter two indicate the goodness of the model. The smaller κ and the larger r are the measures of the better model.
Tsunami Computation Results
The tsunami generation is computed using the kinematic landslide model, and the propagation is computed for both the 6 and 1 grids. The computations are repeated with different sets of horizontal slide velocity U and rise time T (Table 2 ). The computed tsunami heights are then compared with the observed ones, and the statistical parameters K , κ and r are calculated. These parameters are calculated for two different regions: the coasts near the source on the 6 grid and the entire Japan Sea for which the computed heights are on the 6 grid around the source and those are on the 1 grid for the western Japan and Korean coasts.
The amplitude ratio K , the error factor κ and the linear correlation factor r vary with the assumed parameters (Fig. 8) . The K values are close to 1 for U =40-80 m/s and T ≤2 min. The error factor shows a peak (trough in κ value) at U =40-60 m/s and T =2 min for the 6 grid. With the larger peak value (smaller κ value), the peak is shifted to T =5 min for the entire Japan Sea. The linear correlation factor r also shows a peak at U =40-60 m/s and T =2 min for the 6 grid. For the entire Japan Sea, the peak is located at the same place, although the shape is rather broad. From these comparisons, it can be concluded that the kinematic landslide model with U =40 m/s and T =2 min best explains the observed tsunami heights. For this combination, K =0.99, κ=1.37, and r =0.75 for the near-source region, and K =1.11, κ=1.50, and r =0.84 for the entire Japan Sea.
For comparison, Kawamata et al. (2005) also estimated K and κ values for their earthquake fault and two-layer slide models. Their fault model yielded K =0.89 and κ=1.38 for the near-source region, and K =1.00 and κ=1.68 for the entire Japan Sea. Their two-layer slide model yielded K =0.99 and κ=1.76 for the near-source region, and K =1.01 and κ=1.58 for the entire Japan Sea. The smaller κ values in the present model indicate that our model shows a better fit with the distribution of the observed tsunami heights.
The effects of the kinematic landslide parameters on the coastal tsunami heights are also examined (Fig. 9) . For comparison, the observed tsunami heights are also shown. The horizontal slide velocity is first fixed at U =40 m/s and the rise time is varied as T =1, 2, and 5 min (top figure). The computed tsunami heights for T =5 min are systematically lower than the other cases or the observations. The computed heights for T =1 min and 2 min are similar, although the former has larger narrow peaks. In the next step, the rise time is fixed at T =2 min and the velocity is varied as U =20, 40, and 100 m/s (lower figure) . The computed heights for U =40 m/s are similar to the observed heights on the Hokkaido coast. The computed heights for U =20 m/s are lower on the Hokkaido coast, and those from U =100 m/s are also lower on the northern Hokkaido coast. The tsunami heights for U =60 and 80 m/s are similar to those for U =40 m/s and are, therefore, not shown. The computed tsunami heights for different slide velocities are similar on the Tsugaru coast. These comparisons indicate that the tsunami heights on the Hokkaido coasts are more sensitive to the slide parameters than those on the Tsuguru coast. Tsunami waveforms calculated from different parameters show different features. Figure 10 shows the computed tsunami waveforms at four selected locations, Kumaishi, Esashi, Era, and Ajigasawa. For the same slide velocity (U =40 m/s), the waveforms and amplitudes are similar for T =1 and 2 min, while that for T =5 min is considerably different, with smaller amplitudes. This feature is common to all of the locations regardless of the azimuth. For the same rise time (T =2 min), the faster slide velocity produces the earlier arrival time. At Kumaishi (northeastern azimuth), the amplitude is largest for U =40 m/s. At other locations, the waveforms and amplitudes for U =40-100 m/s are very similar. All of the waveforms start with negative motions, which is consistent with the report that the water initially receded at Kumaishi and Esashi (Tsuji et al., 2002) .
Discussion
The 1741 tsunami can be explained by a submarine landslide associated with the sector collapse of the OshimaOshima volcano. While the length of the submarine landslide is much larger than the volcano (∼4 km), it still reaches only 16 km, which is much smaller than the typical size of tsunamigenic earthquakes (∼100 km). An interesting question is why this submarine landslide was able to cause such a large tsunami equivalent to an earthquake of M=8.4 (Abe, 1999) . Two factors appear to have contributed to the large tsunami: the large vertical drop and the coupling of the landslide and tsunami. Ruff (2003) examined the energy balance for tsunamis generated from landslides and earthquakes. Using a simple block model, he showed that the tsunami becomes the largest when the ratio of initial water depth above the block to downslope vertical drop of the block is less than 1. In the case of Oshima-Oshima, the slide top is above sea level, hence the water depth is smaller than the vertical drop and the ratio is indeed less than 1. If the slide were to have been limited to a small part of the ocean slope around the island, the tsunami energy would have been smaller. When the slide velocity is similar to the local tsunami velocity, the coupling effects amplify the tsunami in the direction of propagation (Ward, 2001 ). In the case of OshimaOshima, the water depth in the tsunami source area is 0-2000 m, where the tsunami velocity ranges 0-140 m/s. Hence the propagating submarine landslide may cause coupling with tsunami. The slide was thickest (nearly 400 m) at a water depth of around 200 m (Fig. 6) , where the tsunami velocity is about 40 m/s. Hence, the landslide propagating at U =40 m/s causes possible coupling with propagating tsunamis and the amplitudes become large.
Conclusions
The 1741 Oshima-Oshima tsunami can be explained to be the result of a partly submarine lateral collapse of the north flank of the Oshima-Oshima volcano. No tectonic earthquake source is required, which is consistent with the lack of evidence for such an earthquake in the historical records. The tsunami heights are computed on two different grids-a 6 grid near the source and a 1 grid for the entire Japan Sea. A parameter search for the simple kinematic landslide model indicates that the observed values are best explained for the combination of U =40 m/s and T =2 min. The slide velocity is similar to the tsunami phase velocity in the source area, indicating that landslide and tsunamis were coupled to generate the large tsunami heights. The large vertical drop of the slide, from the surface of the water to the deep seafloor, was also responsible for creating the large tsunamis.
The simple kinematic landslide model predicts a larger tsunami in the northern direction than what was observed in the southern and western directions. Future studies on this tsunami may include more realistic dynamic modeling for debris avalanches and a search for tsunami deposits on the coasts of Hokkaido and Okushiri Island as well as historical records in Russian and Chinese archives across the Japan Sea.
